Arenaviruses are enveloped negative-strand RNA viruses that cause significant human disease. These viruses encode only four proteins to accomplish the viral life cycle, so each arenavirus protein likely plays unappreciated accessory roles during infection. Here we used immunoprecipitation and mass spectrometry to identify human proteins that interact with the nucleoproteins (NPs) of the Old World arenavirus lymphocytic choriomeningitis virus (LCMV) and the New World arenavirus Junín virus (JUNV) strain Candid #1. Bioinformatic analysis of the identified protein partners of NP revealed that host translation appears to be a key biological process engaged during infection. In particular, NP associates with the double-stranded RNA (dsRNA)-activated protein kinase (PKR), a well-characterized antiviral protein that inhibits cap-dependent protein translation initiation via phosphorylation of eIF2␣. JUNV infection leads to increased expression of PKR as well as its redistribution to viral replication and transcription factories. Further, phosphorylation of PKR, which is a prerequisite for its ability to phosphorylate eIF2␣, is readily induced by JUNV. However, JUNV prevents this pool of activated PKR from phosphorylating eIF2␣, even following exposure to the synthetic dsRNA poly(I·C), a potent PKR agonist. This blockade of PKR function is highly specific, as LCMV is unable to similarly inhibit eIF2␣ phosphorylation. JUNV's ability to antagonize the antiviral activity of PKR appears to be complete, as silencing of PKR expression has no impact on viral propagation. In summary, we provide a detailed map of the host machinery engaged by arenavirus NPs and identify an antiviral pathway that is subverted by JUNV. IMPORTANCE Arenaviruses are important human pathogens for which FDA-approved vaccines do not exist and effective antiviral therapeutics are needed. Design of antiviral treatment options and elucidation of the mechanistic basis of disease pathogenesis will depend on an increased basic understanding of these viruses and, in particular, their interactions with the host cell machinery. Identifying host proteins critical for the viral life cycle and/or pathogenesis represents a useful strategy to uncover new drug targets. This study reveals, for the first time, the extensive human protein interactome of arenavirus nucleoproteins and uncovers a potent antiviral host protein that is neutralized during Junín virus infection. In so doing, it shows further insight into the interplay between the virus and the host innate immune response and provides an important data set for the field.
interactome, lymphocytic choriomeningitis virus, nucleoprotein, protein-protein interactions, proteomics T he arenaviruses are a family of enveloped RNA viruses that can cause severe human disease. In particular, several family members, including Lassa virus (LASV) and Junín virus (JUNV), cause hemorrhagic fever syndromes (1) . Additionally, lymphocytic choriomeningitis virus (LCMV), which has a global distribution, is an underappreciated human pathogen that represents a significant teratogenic threat to developing fetuses and is a danger to immunosuppressed populations (1, 2) . There are currently no FDA-approved vaccines to prevent arenavirus infection, and effective antiviral treatments are limited (3, 4) . Several of the arenaviruses require biosafety level 4 (BSL-4) containment and are designated select agents and potential bioterrorism threats (5) . This highlights the critical need for new prevention and treatment options for these dangerous viruses, and the successful development of a new antiviral therapeutic will depend on an improved understanding of the basic biology of the arenavirus life cycle.
Arenaviruses have a single-stranded, bisegmented, negative-sense RNA genome. Each genomic RNA segment contains 2 open reading frames arranged in an ambisense fashion (6) . The virus encodes only 4 proteins: the nucleoprotein (NP) and glycoprotein (GPC) on the S genomic segment and the RNA-dependent RNA polymerase (L) and viral matrix protein (Z) on the L genomic segment (6) . These four viral proteins are sufficient to achieve all of the steps of the viral life cycle. Nevertheless, it is likely that each is highly multifunctional and relies upon interactions with multiple host proteins to facilitate key steps of the viral life cycle and/or to subvert an effective host immune response.
The canonical role of arenavirus NPs is to encapsidate the viral genomic RNA and aid the viral polymerase in the process of genome replication (6) . NP also acts to prevent the induction of type I interferon (IFN) via its ability to degrade double-stranded RNA (dsRNA) substrates that may activate cytoplasmic RIG-I-like receptors (7, 8) . Work by other groups has already demonstrated the ability of arenavirus NPs to engage in protein-protein interactions with host cellular proteins. However, only a few host factors engaged by NP are known, and the functional importance of these interactions necessitates further investigation. Among the Old World arenaviruses, it was demonstrated that ALIX/AIP1, an endosomal sorting complex required for transport (ESCRT)associated protein, associates with NP and is necessary for the efficient recruitment of NP into Z-induced virus-like particles (9) . LCMV NP has been shown to interact with IKK, which contributes to its repression of type I IFN induction (10) . Keratin 1, also an interacting partner of LCMV NP, is important for the virus's ability to spread from cell to cell (11) . The NP of the New World arenavirus JUNV was shown to associate with eukaryotic translation initiation factor 4A (eIF4A) and eIF4GI, and these interactions were important for translation of viral mRNAs (12) . Lastly, JUNV NP was shown to interact with hnRNP A/B proteins, which are required for viral propagation (13) . While a small number of cellular proteins have been shown to interact and/or colocalize with arenavirus NPs, a large-scale mapping of the host cellular interactome of NP is necessary to fully appreciate the multifunctional role that this viral protein plays during the viral life cycle.
Besides our appreciation of NP's role in interfering with type I IFN induction and its interaction with a few cellular proteins, little is known about the additional accessory role(s) that NP may play in infected cells and how these may be affected by its interaction with host proteins. To address this gap in our knowledge, we mapped the cellular protein interactome of the arenavirus NP by using LCMV, an Old World arenavirus member, and the New World JUNV strain Candid #1 (14) . Our studies reveal that arenavirus NPs interact with an extensive array of cellular proteins. In particular, host protein translation appears to be a major cellular function targeted by arenavirus NPs. We identified that dsRNA-activated protein kinase (PKR), an important antiviral effector, interacts with both the JUNV and LCMV NPs. We show that despite its becoming highly activated during JUNV infection, PKR is unable to carry out its canonical antiviral function, which is to phosphorylate eIF2␣ and trigger a global shutdown of cap-dependent translation. LCMV similarly activates PKR, but unlike JUNV, it appears to be unable to fully suppress PKR's kinase activity, as transient eIF2␣ phosphorylation occurs during LCMV infection. Nevertheless, the replication of both viruses was unaffected by PKR silencing, suggesting that arenaviruses have developed strategies to neutralize this critical arm of the host innate immune response.
RESULTS
Identification of human proteins that associate with arenavirus nucleoproteins. Viruses hijack cellular factors to complete necessary steps of their life cycle and/or to evade the host immune response. Thus, discovering these host factors has the potential to identify drug targets or to help illuminate cellular pathways targeted by the virus. To identify the cellular protein partners of arenavirus NPs, we employed a strategy in which human cells (A549 or HEK 293T) were first infected with either the Old World arenavirus LCMV strain Armstrong 53b or the New World arenavirus JUNV strain Candid #1 (here referred to as JUNV) ( Fig. 1A) . Following establishment of acute infection, each NP and its associated cellular protein partners were immunoprecipitated from cell lysates by use of an NP-specific monoclonal antibody. The immune complexes were separated by SDS-PAGE and stained with Coomassie blue to allow visualization of the captured NP (bait) as well as its interacting host proteins (prey) ( Fig. 1B to E). The stained SDS-PAGE gels were cut into sections, and the proteins contained in each section were digested with trypsin and extracted for subsequent liquid chromatographytandem mass spectrometry (LC-MS/MS). Identified proteins were considered valid interactors in a given run when (i) 2 or more unique tryptic peptides were detected from a particular protein in the infected sample but not the mock control or (ii) a minimum of 5-fold more total tryptic peptides were detected from a particular protein in the infected sample than from the mock control. Using these criteria, we identified 509 human proteins that associated with JUNV NP and 348 that associated with LCMV NP in at least one experiment ( Fig. 1F ; see Table S1 in the supplemental material). Of these proteins, 275 had a conserved interaction with JUNV NP and LCMV NP ( Fig. 1F ). Additionally, there was a high degree of reproducibility in comparing the interacting host proteins between the 2 human cell lines, HEK 293T and A549, as 83% of interacting proteins identified in HEK 293T cells were also observed in A549 cells ( Fig. 1G ). Thus, this data set represents the first large-scale map of the arenavirus NP-human protein interactome.
Cellular processes targeted by arenavirus NPs. We were especially interested in the 275 proteins that exhibited a conserved interaction with both JUNV NP and LCMV NP, as these may represent fundamental and highly conserved aspects of arenavirus biology. Indeed, conserved hits for both viruses, on average, were identified by more spectral counts than those for JUNV NP or LCMV NP alone ( Fig. 2A ). Because the strongest interactors were likely those identified by multiple tryptic peptides, we examined in greater detail the "strong interactors," which were those in the top 25% of all interacting host proteins by spectral counts ( Fig. 2A and Table 1 ). To better characterize this subset of proteins, we used the NIH DAVID functional annotation and gene enrichment tool (15, 16) to identify functional groups of proteins that may be overrepresented in our data set. Among the annotation clusters identified within this group, protein translation was the top process engaged by the arenavirus NPs ( Fig. 2B ), suggesting that this may be a key cellular process regulated by these viruses during infection. Two important host protein partners involved in translation were the eukaryotic translation initiation factor 2 alpha subunit (eIF2␣), a translation initiation factor critical for the cap-dependent assembly of the 43S ribosomal preinitiation complex (17) , and the double-stranded RNA-activated protein kinase (PKR), which can lead to arrest of cellular translation in response to viral infection via phosphorylation of eIF2␣ (17) ( Table 1 ; Table S1 ). In addition, NIH DAVID analysis of the subset of proteins interacting with only JUNV NP or LCMV NP revealed the functional processes of nucleotide binding and/or the organellar/nuclear lumen being engaged by the respective NPs ( Fig. 2D and E). The functional categories enriched in this "strong interactor" subset were very similar to the categories represented by the data set as a whole ( Fig. 2B and C) .
Biochemical validation of interactions between cellular proteins and arenavirus NPs. We next chose a subset of the identified host proteins and attempted to FIG 1 Identification of human proteins that associate with arenavirus nucleoproteins. (A) Overview of experimental approach to identify human cellular protein partners of arenavirus nucleoproteins in the context of infected cells. A549 or HEK 293T cells were infected with either JUNV Candid #1 or LCMV Armstrong 53b or left uninfected (mock). Cells were lysed, and NP was immunoprecipitated with monoclonal antibodies. The immunoprecipitated fractions were separated by SDS-PAGE, and lanes were cut into multiple slices. Proteins were digested with trypsin, peptides were extracted from each slice, and proteins were identified by tandem mass spectrometry. (B to E) Representative Coomassie blue-stained gels of immunoprecipitated NP from JUNV-or mock-infected A549 cells (B), LCMV-or mock-infected A549 cells (C), JUNV-or mock-infected HEK 293T cells (D), or LCMV-or mock-infected HEK 293T cells (E). Immunoprecipitated NP is indicated by an arrowhead in each gel. Background bands composed of IgG heavy and light chains are denoted with asterisks. (F) Venn diagram representing the numbers of host proteins interacting with JUNV NP, LCMV NP, or both. (G) Venn diagram representing the numbers of host protein partners (of either JUNV or LCMV NP) identified in A549 cells, HEK 293T cells, or both. The Coomassie blue-stained gels shown in panels B to E are representative of 2 independent experiments. further validate their association with a particular arenavirus NP via immunoprecipitation and Western blotting. This subset of proteins included PKR, eIF2␣, and Ras GTPase-activating protein-binding protein 1 (G3BP1) (proteins involved in translation); splicing factor, proline-and glutamine-rich (SFPQ) (part of several top clusters identified by the DAVID analysis, including RNA processing, binding, and stability); and apoptosisinducing factor 1, mitochondrial (AIFM1) (the most abundantly detected interacting partner of JUNV NP; identified as being part of the organellar/nuclear lumen cluster by the DAVID analysis). Each protein, with the exception of AIFM1, coimmunoprecipitated as prey with NP (bait) from cells infected with JUNV or LCMV (Fig. 3A , lane 3, and B, lane 3). AIFM1 interacted specifically with JUNV NP but not with LCMV NP, while eIF2␣ interacted weakly with LCMV NP compared to its interaction with JUNV NP. Reciprocally, PKR, G3BP1, and AIFM1, when serving as bait for immunoprecipitation from JUNVor LCMV-infected lysates, were each able to coprecipitate both viral NPs, but JUNV NP interacted more strongly with both AIFM1 and PKR than LCMV NP did ( Fig. 3C to H). Finally, we addressed whether this subset of host proteins could associate with an arenavirus NP in the absence of other viral proteins or the full viral genome. G3BP1, eIF2␣, AIFM1, and SFPQ interacted with the Lassa virus, LCMV, and JUNV NPs (expressed via plasmids in HEK 293T cells), while PKR associated only with JUNV NP (Fig. 4A) .
Notably, the strength of interaction between each host protein and a particular NP was variable ( Fig. 4A ). Additionally, immunoprecipitation of PKR and AIFM1 from transfected HEK 293T cells was able to coprecipitate each of the arenaviral NPs tested ( Fig. 4B and C). PKR and G3BP1 colocalize with JUNV NP. We next used fluorescence microscopy to determine whether PKR and G3BP1 were recruited to the replication and transcription factories of JUNV or LCMV. In JUNV-infected cells at 72 h postinfection (hpi), the majority of the cells were infected, and NP formed large, perinuclear puncta in most cells (Fig. 5A ). In LCMV-infected cells at 48 hpi, most cells were infected and displayed a variable pattern of cytoplasmic NP staining. LCMV NP concentrated in puncta that were either small and scattered throughout the cytoplasm or large and located near the nucleus (Fig. 5B ). In the setting of JUNV infection, the total PKR signal was increased compared to that in mock cells ( Fig. 5A ). While PKR staining was cytoplasmic in both infected and uninfected cells, JUNV infection resulted in a relocalization and concentration of PKR in JUNV NP-containing puncta ( Fig. 5A , fluorescence intensity profiles). This was specific to JUNV, as PKR protein levels were not upregulated in LCMV-infected cells and PKR remained diffusely localized, without specifically colocalizing with LCMV NP (Fig. 5B , fluorescence intensity profiles). This finding is consistent with biochemical evidence suggesting that PKR has a stronger association with JUNV NP than with LCMV NP (Fig. 3C and D and 4A).
G3BP1 generally displayed a diffuse cytoplasmic staining pattern in uninfected cells ( Fig. 6 ), although some minority of uninfected cells spontaneously displayed distinct cytoplasmic puncta of G3BP1 staining in presumed stress granule (SG) structures ( Fig.  6A ). Similar to the results for PKR, a portion of the cytoplasmic G3BP1 concentrated in JUNV NP puncta ( Fig. 6A , fluorescence intensity profiles). In LCMV-infected cells, G3BP1 Collectively, these experiments further validate the biological interaction of PKR and G3BP1 with JUNV NP and define these host proteins as components/markers of presumptive viral replication and transcription factories. Further, they show the specificity of the NP-PKR interaction for JUNV.
PKR is activated following JUNV infection but does not phosphorylate eIF2␣. Because of the importance of PKR as an antiviral innate immune mediator (17) and the specificity of the interaction with the JUNV NP ( Fig. 3C and D, 4A, and 5), we next sought to functionally characterize the importance of this interaction in the context of both New World and Old World arenavirus infections. Over a time course of acute infection, cellular protein lysates were probed for phospho-PKR (T446), which is phosphorylated at a site in the activation loop and is a marker of activated PKR. We also probed for phospho-eIF2␣ (S51), the target of PKR's kinase activity and a marker of global translational shutdown. Both expression and phosphorylation of PKR were strongly induced late in infection with JUNV, yet there was no concomitant increase in the phosphorylation of PKR's target, eIF2␣, at these time points ( Fig. 7A to C). In LCMV-infected cells, overall PKR levels did not increase, but there was an induction of phosphorylation of PKR at 36 and 48 hpi. However, in contrast to the results with JUNV, there was a small yet significant increase in the phosphorylation of eIF2␣ at these time 
FIG 4 Biochemical validation of interactions between arenavirus NPs expressed from plasmids and endogenous host proteins. (A) HEK
293T cells were cotransfected with a plasmid encoding the respective arenavirus NP with a C-terminal HA epitope tag, the TEV cleavage site, and a biotin acceptor peptide, along with a second plasmid that encodes BirA, a bacterial biotin ligase, to ensure biotinylation of the viral NPs. As a control, cells were cotransfected with the BirA plasmid and an empty vector (p0). Biotinylated NPs and associated host proteins were affinity purified from cell lysates (input) by use of magnetic streptavidin beads, and captured proteins were detected by Western blotting. (B and C) HEK 293T cells were transfected with a plasmid encoding the respective arenavirus NP with a C-terminal HA epitope tag, the TEV cleavage site, and a biotin acceptor peptide or, as a control, an empty vector (p0). (B) PKR (bait) was immunoprecipitated with a monoclonal antibody to the C terminus of PKR or with an irrelevant rabbit IgG. PKR (bait) and the associated viral NP (prey) were detected by Western blotting. (C) AIFM1 (bait) was immunoprecipitated with a polyclonal antibody. AIFM1 (bait) and the associated viral NP (prey) were detected by Western blotting. Data are representative of 2 (A), 3 (B), or 2 (C) independent experiments. points ( Fig. 7D to F). This suggested an ability of JUNV to prevent activated PKR from phosphorylating its target (eIF2␣).
JUNV infection blocks poly(I·C)-induced phosphorylation of eIF2␣. The observation that PKR was highly activated (phosphorylated) in JUNV-infected cells yet the activated PKR failed to phosphorylate eIF2␣ suggested that the virus was evading this innate surveillance pathway. To determine if we could overcome the ability of the virus to block active PKR from phosphorylating eIF2␣, we transfected cells with poly(I·C), a synthetic dsRNA analog that strongly activates PKR (17) . Comparing mock-transfected cells that had been treated with Lipofectamine but no poly(I·C) (vehicle control) to those transfected with increasing quantities of poly(I·C) showed that phosphorylation of PKR was effectively induced by increasing concentrations of poly(I·C) ( Fig. 8A, B , E, and F). In JUNV-infected cells, there were already high levels of phospho-PKR ( Fig. 8A  and B ). However, transfection with poly(I·C) further increased the induction of PKR phosphorylation ( Fig. 8A and B) . In mock-infected cells, the increased PKR phosphorylation following poly(I·C) transfection led to increased phosphorylation of eIF2␣ ( Fig.  8A , C, E, and G). However, there was no increase in the phosphorylation of eIF2␣ in JUNV-infected cells ( Fig. 8A and C) . In LCMV-infected cells, phosphorylation of PKR could be induced further following poly(I·C) transfection ( Fig. 8E and F) . However, this active PKR was able to phosphorylate eIF2␣, and there was no difference in phospho-eIF2␣ levels between mock-infected and LCMV-infected cells following poly(I·C) trans- Thus, JUNV appears to specifically block activated PKR from phosphorylating its downstream target, eIF2␣.
JUNV selectively blocks PKR's functionality. Though activated PKR's canonical target is eIF2␣, PKR can also activate alternate signaling pathways. Among these alternate pathways is the activation of NF-B signaling (18) , through an incompletely defined pathway. While the exact mechanism is unclear, it is known that IB is degraded following PKR activation and that this allows the nuclear translocation of the NF-B transcription factor and the subsequent expression of NF-B-responsive genes (18) . To determine whether this alternate PKR signaling pathway remained functional in cells expressing arenavirus NPs, we also probed cellular protein lysates for IB to see if it was degraded following poly(I·C) transfection, as would be expected. We saw that whether cells were uninfected or infected with JUNV or LCMV, they were able to efficiently degrade IB following transfection with poly(I·C), suggesting that this alternate PKR signaling function remained intact ( Fig. 8A , D, E, and H). An alternate possibility is that the observed IB degradation was the result of signaling downstream of other innate immune sensors capable of responding to dsRNA, such as Toll-like receptor 3 (TLR3), RIG-I, or MDA5 (19) .
Translational profile of cells infected with JUNV or LCMV. We wanted to examine whether the eIF2␣ phosphorylation observed in LCMV-but not JUNV-infected cells ( Fig.  7 and 8 ) was functionally correlated with repression of global translation in these cells. To assess rates of active translation, we utilized a newly described assay to examine protein translation levels in individual cells infected with either LCMV or JUNV (20, 21) . At various time points following infection, cells were pulse labeled with puromycin, which is covalently incorporated into growing peptide chains. Nascent peptides were detected with a puromycin-specific monoclonal antibody and were visualized by confocal microscopy. Mock-infected cells were labeled with puromycin to determine normal translation rates, whereas mock-infected cells that were pretreated with sodium arsenite were labeled to determine protein production levels in a repressed translational state ( Fig. 9A to D) . While cells infected with either LCMV or JUNV exhibited reduced rates of translation compared to those of uninfected cells, the biological importance of this subtle decrease is unclear, as the majority of cells maintained translation rates that were in the "normal range" observed for mockinfected cells (Fig. 9A to D) . However, at intermediate time points following infection with LCMV (24 to 36 hpi), there was a significant increase in cells exhibiting translation rates that were highly reduced compared to those of mock-infected cells (Fig. 9A , C, and E). A similar pattern was not observed for JUNV-infected cells (Fig. 9B, D, and E) . These data further support the observations shown in Fig. 7 and 8 indicating that LCMV is more sensitive than JUNV to PKR-dependent phosphorylation of eIF2␣. Importantly, these experiments demonstrate that, in most instances, JUNV and LCMV are capable of infecting host cells without inducing a potent global shutdown of translation, despite highly activating PKR.
Replication of IAV lacking expression of the NS1 protein is rescued by siRNAmediated knockdown of PKR. We wanted to examine whether arenavirus growth would be affected by the knockdown of PKR by small interfering RNA (siRNA). In order to validate our siRNA knockdowns, we infected siRNA-treated cells with an influenza A virus (IAV; strain Pan-delNS1) lacking expression of the nonstructural protein NS1, a well-documented PKR antagonist (22, 23) , to demonstrate that we were able to effectively knock down PKR expression to a level that could functionally rescue the replication of this highly PKR-sensitive virus. Protein levels of PKR were greatly reduced in cells transfected with a PKR-specific siRNA compared to those in cells transfected with a scrambled, nontargeting control siRNA (Fig. 10A ). As expected, the level of viral nucleoprotein in cells and the quantity of infectious virus released by cells infected with the wild-type parental strain Pan/99 were unaffected by PKR knockdown (Fig. 10A to C) . However, when cells were infected with the mutant virus Pan-delNS1, the viral nucleo- protein was expressed at higher levels (ϳ8-fold) and significantly more (ϳ6-fold) infectious virus was released from cells in which PKR had been knocked down following siRNA transfection ( Fig. 10A to C). Together these results show that our knockdown of PKR by siRNA was sufficient to rescue a PKR-sensitive virus.
JUNV's antagonism of PKR's antiviral activity is complete. We next wished to test whether PKR, which appears to be unable to phosphorylate its downstream substrate, eIF2␣, during JUNV infection ( Fig. 7A and C) , could still exert an antiviral effect on the propagation of JUNV. Additionally, we were curious to see if knockdown of PKR could improve the replication of LCMV by preventing the activation of eIF2␣ ( Fig. 7 and 8 ) and the transient translation repression (Fig. 9 ) observed during LCMV infection. For these purposes, we measured the levels of NP produced in infected cells (Fig. 11A, B , D, and E) and the levels of infectious virus released ( Fig. 11C and F) for cells treated with siRNAs to silence PKR expression. Despite nearly complete knockdown of PKR with either of two distinct PKR-specific siRNAs ( Fig. 11A and D) , release of infectious JUNV and LCMV was not affected compared to that from cells treated with a scrambled, nonspecific siRNA ( Fig. 11C and F) . Levels of JUNV NP were similarly unaffected by the knockdown of PKR (Fig. 11B ). LCMV NP levels were slightly increased when PKR was knocked down with one of the two PKR-specific siRNAs (Fig. 11E ). This result suggests that JUNV is capable of completely neutralizing the antiviral actions of PKR and, further, that PKR is not fundamentally required for the efficient propagation of JUNV. On the other hand, while eIF2␣ is activated and translation is repressed during LCMV infection, knockdown of PKR had no effect on the release of infectious LCMV and a modest effect on production of viral NP, which we believe to represent the transience of PKR's restriction on LCMV infection.
DISCUSSION
The small size of the arenavirus proteome suggests that each viral protein is highly multifunctional. One strategy to identify additional accessory roles for these proteins is FIG 10 Loss of functional PKR enhances growth of mutant delNS1 but not wild-type (WT) influenza A virus. A549 cells were transfected with a nontargeting scrambled siRNA (siSCR) or with a PKR-specific siRNA. Three days following siRNA transfection, cells were infected with either WT influenza A virus (IAV) Pan/99 or a mutant IAV that does not express NS1 (Pan-delNS1) or mock infected, and supernatants and cellular protein lysates were collected at 16 hpi. Protein levels of IAV nucleoprotein (NP) were detected by Western blotting (A) and were quantified, normalized to ␤-actin levels, and normalized to the mean NP level in siSCR-transfected cells (B). In panel A, PKR expression in mock-infected cells was visualized by Western blotting to confirm knockdown. (C) Quantities of infectious virus in supernatants were determined by plaque assay (for IAV Pan/99) or focus assay (for IAV Pan-delNS1). For panels B and C, the effect of PKR knockdown on viral NP levels as well as on the amounts of infectious virus released was determined using a two-tailed, unpaired t test. Data are presented as mean PFU per milliliter Ϯ SEM or mean focus-forming units (FFU) per milliliter Ϯ SEM for 2 independent experiments featuring 2 technical replicates each. ns, not significant (P Ͼ 0.05); **, P Յ 0.01. to identify the host machinery that they engage during infection. In this study, we conducted a large-scale mapping of the human cellular interactome of Old World and New World arenavirus NPs. While the identified interactome was complex, a large percentage of the cellular protein partners were shared among Old World and New World NPs (Fig. 1F) . Bioinformatic analysis revealed a significant enrichment in proteins involved in protein translation, including the antiviral protein PKR (Fig. 2 and Table 1 ). Our studies demonstrate that JUNV, despite activating PKR during infection ( Fig. 7A and  B ), selectively and potently inhibits PKR's ability to phosphorylate its downstream substrate, eIF2␣ ( Fig. 7A and C and 8A and C), and to subsequently interfere with viral propagation (Fig. 11C ).
PKR is one of four cellular kinases able to phosphorylate eIF2␣ and thus to globally shut down cap-dependent translation in response to viral infection (24) . This type I IFN-stimulated protein consists of two domains: an N-terminal domain that contains two double-stranded RNA binding motifs and a C-terminal kinase domain. In nonstressed cells, monomeric PKR is expressed at low basal levels. Upon exposure to a FIG 11 Loss of functional PKR does not affect arenavirus propagation. A549 cells were transfected with a nontargeting scrambled siRNA (siSCR) or one of two PKR-specific siRNAs (siPKR #1 and siPKR #2). Three days after siRNA transfection, cells were infected with JUNV (A to C) or LCMV (D to F), and supernatants and cellular protein lysates were collected at 48 hpi (JUNV and LCMV) and 72 hpi (JUNV only). (A and D) Protein levels of PKR and viral NP were visualized by Western blotting. (B and E) NP protein levels were quantified, normalized to ␤-actin levels, and normalized to the mean NP level in siSCR-transfected cells at 48 hpi and then compared by one-way ANOVA. (C and F) Quantities of infectious virus in supernatants were determined by plaque assay and were compared by one-way ANOVA. Data are presented as mean PFU per milliliter Ϯ SEM for 2 independent experiments featuring 3 technical replicates each for panels A to C (JUNV) or for 3 independent experiments featuring 3 technical replicates each for panels D to F (LCMV). ns, not significant (P Ͼ 0.05); **, P Յ 0.01. dsRNA ligand, the N-terminal domain binds the dsRNA, PKR dimerizes, and each PKR subunit trans-autophosphorylates at T446 and T451. Phosphorylation of these residues leads to full activation of PKR, which is then able to phosphorylate eIF2␣ at S51, leading to cap-dependent translational shutdown ( Fig. 12) (17, 25) .
A key finding of our proteomic studies was that both the JUNV and LCMV NPs interact with PKR. However, our follow-up biochemical validation ( Fig. 3 and 4 ) and immunofluorescence microscopy (Fig. 5 ) studies suggest that this interaction may be more biologically relevant for JUNV NP than for LCMV NP. We demonstrated that PKR is strongly activated in cells infected with JUNV or LCMV (Fig. 7) , and even more so in infected cells that are transfected with the PKR agonist poly(I·C) (Fig. 8 ). Nevertheless, this active PKR is able to phosphorylate eIF2␣ only in LCMV-infected cells, as eIF2␣ phosphorylation by active PKR is strongly blunted in JUNV-infected cells ( Fig. 7 and 8 ). This effect was recapitulated in experiments measuring rates of translation in infected cells ( Fig. 9) , with the majority of cells infected with JUNV or LCMV maintaining normal rates of translation throughout the course of infection. However, at 36 hpi, a significant proportion of LCMV-infected cells enter a state of translation repression (Fig. 9E) , which happens to coincide with the spike in observed eIF2␣ phosphorylation observed by Western blotting (Fig. 7D and F) . Interestingly, this effect of translation repression appears to be transient, as the proportion of LCMV-infected cells with normal levels of translation recovers by 48 hpi (Fig. 9A, C, and E) . The finding that siRNA silencing of PKR, while sufficient to rescue the PKR-sensitive virus IAV Pan-delNS1 ( Fig. 10) , has no effect on the JUNV life cycle (Fig. 11A to C) and minimal to no effect on that of LCMV ( Fig. 11D to F) suggests that these viruses are both resistant to PKR's antiviral activity. The observation that LCMV remains resistant to PKR is surprising in light of the previous findings of this paper and may reflect the transience of PKR's ability to control LCMV infection and/or the fact that LCMV possesses complementary mechanisms to inhibit PKR activity. A final possibility is that PKR may play a proviral role in the context of arenavirus infection as has previously been described for hepatitis C virus (26, 27) , though we consider this possibility unlikely, because PKR knockdown did not reduce the fitness of JUNV or LCMV (Fig. 11 ).
Because protein translation is an absolutely critical process for the production of new viral components, many viruses, including those that rely on cap-dependent translation, have evolved mechanisms to interfere with the canonical antiviral role of PKR (28) . For example, the dsDNA poxvirus vaccinia virus expresses the E3L protein, which prevents PKR from binding to dsRNA (29, 30) . The paramyxovirus measles virus, a negative-strand RNA virus, antagonizes PKR activation via its nonstructural protein C, which negatively regulates the production of viral dsRNA intermediates during infec- . This activated form of PKR phosphorylates eIF2␣ at serine 51, which leads to a global cap-dependent translational shutdown. The results of this study show that PKR is able to become phosphorylated in cells infected with JUNV but is deficient in its ability to phosphorylate its target, eIF2␣. We hypothesize that the viral NP may be responsible for blocking this step, as it was shown to interact with both PKR and eIF2␣. Other functions of active PKR, such as the activation of NF-B (as assayed by IB degradation), remain intact. tion (31) . In A549 cells, it was shown that the paramyxovirus respiratory syncytial virus (RSV) antagonizes PKR activity via its N protein, which binds PKR and decreases its ability to bind eIF2␣, thus shielding eIF2␣ from PKR's kinase activity (32) . Another report confirmed that RSV infection leads to the activation of PKR but that it also leads to significant phosphorylation of eIF2␣ in HEp-2 cells (33) . The discrepancy between these two studies may be due to cell type-specific expression of protein phosphatase 2, the enzyme responsible for dephosphorylating eIF2␣. Nonstructural protein 1 (NS1) of the orthomyxovirus influenza A virus directly interacts with PKR and appears to interfere with its ability to bind dsRNA and become activated (34, 35) . A common theme from these examples is that PKR antagonism represents a common strategy employed by diverse viruses, but the means by which they accomplish this feat are similarly various. For the viruses cited herein, the ability of JUNV to prevent eIF2␣ phosphorylation is most similar to that previously described for RSV, as in both cases PKR becomes activated but is unable to phosphorylate eIF2␣ ( Fig. 7, 8, and 12) (32) .
The exact mechanism used by JUNV to antagonize PKR's ability to phosphorylate eIF2␣ remains unclear. Our studies suggest that NP itself, as well as its ability to interact with the cellular factors PKR and eIF2␣, may be critical. Indeed, in a related study, Linero et al. demonstrated that acute JUNV infection or expression of JUNV NP alone is sufficient to prevent eIF2␣ phosphorylation and the subsequent formation of cellular stress granules (SGs) following exposure to the oxidative stressor sodium arsenite (36) . Phosphorylation of eIF2␣ is a key event in driving the nucleation of SGs, which contain stalled cellular mRNAs and their associated translation initiation factors and are associated with inhibition of cap-dependent translation in response to various cellular stresses, including virus infection (37) . Sodium arsenite is thought to induce SG formation via activation of PKR and/or heme-regulated inhibitor (38, 39) , each of which ultimately phosphorylates eIF2␣. Therefore, if sodium arsenite drives eIF2␣ phosphorylation via PKR, NP may similarly block PKR's ability to phosphorylate eIF2␣ in response to both oxidative stress (sodium arsenite) and dsRNA intermediates [poly(I·C)].
JUNV has also been shown to block SG formation in response to challenge with the endoplasmic reticulum (ER) stressors dithiothreitol (DTT) and thapsigargin, both of which lead to the phosphorylation of eIF2␣ via activation of protein kinase-like endoplasmic reticulum kinase (PERK), not PKR (40, 41) . Paradoxically, despite failing to drive SG formation in JUNV-infected cells, both DTT and thapsigargin potently induced the phosphorylation of eIF2␣ in the same cells (36) . We identified G3BP1, another cellular protein critical for the nucleation of stress granules (42) , as an interacting partner of JUNV and LCMV NPs (Fig. 3A, B , G, and H and 4A; see Table S1 in the supplemental material). Further, a related study demonstrated that G3BP1 colocalizes with the arenavirus Tacaribe virus NP during infection (43) . It is possible that JUNV NP can prevent SG nucleation despite the presence of phosphorylated eIF2␣ by interfering with key SG proteins, such as G3BP1. Indeed, several other SG proteins were identified as partners of arenavirus NPs in our study, including eIF3 components, G3BP2, PABC, and several small ribosomal subunit proteins (Tables S1 and S2) (44, 45) .
In addition to the antagonism of PKR's antiviral function reported here, arenaviruses have been shown to interfere with other innate immune pathways responsible for antiviral defense, including the RIG-I/MAVS pathway that drives type I IFN production. In particular, arenavirus NPs have been shown to associate with IKK and to block its ability to phosphorylate/activate IRF3, which is required for type I IFN production (10) . LCMV NP has also been shown to block NF-B activation (46) . Arenavirus NPs further antagonize the type I IFN response via 3=-to-5= exonuclease activity, which limits the availability of viral dsRNA replicative intermediates for recognition by the RIG-I/MAVS pathway (7, 8) . Notably, our results suggest that NP cannot clear all of these dsRNA intermediates, as we presume that these drive the activation of PKR during infection. Intriguingly, arenaviruses appear to be highly selective in their antagonism of these innate immune pathways. For example, Pythoud et al. demonstrated that despite blocking RIG-I/MAVS-dependent type I IFN production, LCMV leaves MAVS-dependent apoptosis fully functional (47) . Likewise, we report here that JUNV can block activated PKR from phosphorylating eIF2␣ ( Fig. 7A and C and 8A and C) yet leaves a phosphorylated form of PKR that is capable of inducing the degradation of IB in response to poly(I·C) ( Fig. 8A and D) , which is a key step upstream of NF-B activation (17, 18) . We recommend caution in the interpretation of this finding, though, as other innate immune sensors are also able to activate NF-B in response to stimulation with dsRNA ligands (19) . These examples of selective antagonism suggest that arenaviruses have coevolved with their reservoir rodents so that arenavirus-infected cells within the host, while unable to respond to the infecting arenavirus, can still mount an effective antimicrobial response against other environmental pathogens to ensure the fitness and survival of the host.
The cellular protein partners of the arenavirus NPs identified in this study may provide clues to advance our understanding of how these viruses hijack the host cell machinery to facilitate the viral life cycle. Importantly, each protein partner represents a candidate target for future antiviral screening. For example, several host proteins that interact with NP and are required for viral propagation were validated in our study, including hnRNPA1 and hnRNPA2B1 (13) , as well as eIF4A and eIF4G, which are components of the eIF4F translation initiation complex (12, 43) (Table 1) . Also consistent with these previous studies, eIF4E, the cap-binding component of the eIF4F complex, was not detected in our work, supporting the hypothesis that JUNV and other New World arenavirus NPs can replace the cap-binding function of eIF4E to facilitate translation of viral mRNAs (12) . Finally, 8 additional host proteins identified in our screen-COPA, DDX60L, EIF3A, EIF3G, FAU, FBL, HNRNPK, and NOP56 (Table S1 )-were previously shown to be required for LCMV and vesicular stomatitis virus (VSV) replication (48) . Our results suggest that these proteins may be critical for viral propagation due to their interaction with the LCMV NP. These examples highlight the feasibility and utility of using a proteomics-based approach to identify antiviral targets.
In summary, we have provided the first detailed map of the human proteins engaged by arenavirus NPs and also highlighted host processes that are likely important for arenavirus propagation and/or pathogenesis. This information will serve as a useful resource to guide future studies investigating the importance of arenavirus-host interactions and defining additional functions of NP. By showing that JUNV can selectively block the canonical antiviral role of PKR, we have advanced our understanding of the seemingly multifaceted strategy employed by arenaviruses to curtail an effective innate immune response. Important areas to address in the future will include dissecting the specific mechanism used by JUNV to inhibit PKR's antiviral activity as well as fully interrogating the importance of the remaining cellular interacting proteins identified in the proteomic screen. (49) . Cells were infected with IAV at a multiplicity of infection (MOI) of 1 after being washed with serum-free medium. Infected cells were cultured in serum-free DMEM containing 1 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich) and 0.14% bovine serum albumin (BSA). Titers of IAV Pan/99 were determined by standard plaque assay on MDCK cells, using a low-viscosity overlay (0.5ϫ DMEM, 0.5 g/ml TPCK-trypsin, 0.07% BSA, 1.2% Avicel [FMC Biopolymer]) (50) . Titers of IAV Pan-delNS1 were determined by an immunological focus assay on MDCK cells, essentially as described previously (51), using a low-viscosity overlay and an IAV NP monoclonal antibody (ab20343; Abcam) (1:5,000).
MATERIALS AND METHODS

Cells
Immunoprecipitations and affinity purifications. Cells were scraped into the medium following infection or transfection, pelleted, washed with cold phosphate-buffered saline (PBS), and gently lysed on ice in 25 mM Tris-HCl, pH 7.6, containing 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO), 0.5% Nonidet P-40 IGEPAL CA-630 (MP Biomedicals, Solon, OH), 140 mM NaCl, 1 mM calcium chloride (Sigma-Aldrich), and a Complete Mini EDTA-free protease inhibitor cocktail tablet (Roche Applied Science). Cell lysates were clarified of insoluble material by centrifugation at 10,000 rpm at 4°C. To preclear proteins nonspecifically interacting with magnetic protein G beads (Dynabeads protein G beads; Thermo Fisher), beads were added to the lysate and incubated on a rotating platform for 15 min at 4°C. An appropriate antibody was added to cell lysates and incubated for 2 h at 4°C. Magnetic protein G beads were added to lysates and incubated for 1 h at 4°C. The beads were washed 4 times with ice-cold lysis buffer to remove nonspecific proteins. Bound protein was stripped from the beads into 1ϫ Laemmli buffer, 5% ␤-mercaptoethanol by heating at 100°C for 5 min. Immunoprecipitated proteins were separated by SDS-PAGE as described below. Antibodies used for immunoprecipitations were as follows: antibodies to JUNV NP (KA03-AA01; BEI Resources), LCMV NP (1.1.3 and 24A; generously provided by M. J. Buchmeier) (52), AIF (sc-9416; Santa Cruz), G3BP1 (A302-033A; Bethyl), and PKR (Y117; Abcam).
Affinity purification of biotinylated viral NPs was performed as follows. Viral NPs were cloned into a modified pCAGGS plasmid and carried a C-terminal hemagglutinin (HA) epitope tag, the tobacco etch virus (TEV) protease cleavage site, and a biotin acceptor peptide (BAP). Viral NPs were biotinylated when cotransfected with a plasmid expressing BirA, a bacterial biotin ligase. As a control to validate the specificity of the protein-protein interaction, cells were transfected with an empty vector along with the BirA plasmid. Cells were lysed as described above. Biotinylated proteins were captured by incubating cleared lysate with magnetic streptavidin beads (Dynabeads MyOne streptavidin T1; Thermo Fisher) at 4°C for 2.5 h. Beads were washed 4 times with cold lysis buffer, and interacting proteins were stripped from beads into 1ϫ Laemmli buffer containing 5% ␤-mercaptoethanol by heating at 100°C for 5 min.
Mass spectrometry. To define the cellular protein interactome of JUNV NP and LCMV NP, A549 or HEK 293T cells were infected with either JUNV Candid #1 or LCMV Armstrong 53b. Following infection, the viral NPs were immunoprecipitated (as described above) along with associated cellular proteins. After denaturation, the immune complexes were separated by SDS-PAGE on Novex 4 to 20% Tris-glycine polyacrylamide gels. Gels were stained with Coomassie blue (0.02% Brilliant Blue R [Sigma-Aldrich] in 32% methanol and 22% acetic acid) at room temperature overnight. Gels were destained for 6 to 8 h in a solution containing 30% methanol and 10% acetic acid. Each lane was cut out of the gel in 13 (JUNV NP) or 15 (LCMV NP) slices (cut maps are available upon request). In-gel trypsin digestion of proteins was performed with sequencing-grade modified trypsin (6 ng/l) (Promega, Madison, WI) in 50 mM ammonium bicarbonate overnight at 37°C, as previously reported (53) . Peptides were extracted from the digested gel slices by use of 50% acetonitrile (MeCN) and 2.5% formic acid (FA) and dried using a vacuum centrifuge. Dried peptides were resuspended in 2.5% MeCN and 2.5% FA and loaded onto a 12-cm reverse-phase Magic C 18 microcapillary column (5 m by 200 Å; Michrom Bioresources, Inc., Auburn, CA) by utilizing a MicroAS autosampler (Thermo Scientific, Pittsburgh, PA). Peptides were eluted with a 5 to 35% MeCN (0.15% FA) gradient by use of a Surveyor Pump Plus high-pressure liquid chromatograph (HPLC) (Thermo Scientific) over 40 min, after a 15-min isocratic loading with 2.5% MeCN and 0.15% FA. An LTQ-XL linear ion trap mass spectrometer (Thermo Scientific) was used to acquire mass spectra of eluted peptides over the entire run, using 10 MS/MS scans following each survey scan. Raw data were searched against the human IPI forward and reverse concatenated databases by using SEQUEST software, allowing a 2-Da mass tolerance for peptide matches. Cysteine residues were required to have a static increase of 71.0 Da for acrylamide adduction. A 16.0-Da differential modification on methionine residues was permitted. Host proteins were accepted as legitimate NP protein partners if they were identified by 2 or more unique tryptic peptides in samples infected with either JUNV or LCMV but not in the corresponding uninfected control. Alternatively, proteins were included if there was a 5-fold larger quantity of total tryptic peptides that were detected for a particular human protein from a virus-infected sample than for the sample from the corresponding uninfected control. Using these filters, the false discovery rate for peptides was Ͻ1%.
Bioinformatic analysis of cellular protein partners was performed with the NIH DAVID functional annotation tool (version 6.7; https://david.ncifcrf.gov/) (15, 16) .
SDS-PAGE and Western blotting. Novex 4 to 20% Tris-glycine polyacrylamide gels or NuPAGE Novex 4 to 12% Bis-Tris Midi protein gels (Thermo Scientific) were used to separate protein lysates by SDS-PAGE. MOPS (morpholinepropanesulfonic acid) SDS running buffer (Thermo Scientific) was used with the NuPage Bis-Tris polyacrylamide gels. Protein was transferred from gels to nitrocellulose membranes by use of an iBlot gel transfer device and iBlot Transfer Stack nitrocellulose membranes (Thermo Scientific). Membranes were blocked with 5% milk in PBS for 1 h at room temperature. Primary antibodies and secondary antibodies were diluted in PBS containing 5% milk, 3% FBS, and 0.05% Nonidet P-40 IGEPAL CA-630. Blots were incubated in diluted primary antibody overnight at 4°C. Primary antibodies used for Western blotting were as follows: PKR (sc-707; Santa Cruz) (1:1,000), IB␣ (9242l Cell Signaling) (1:1,000), rabbit anti-actin (A2066; Sigma-Aldrich) (1:5,000), mouse anti-actin (A5441; Sigma-Aldrich) (1:5,000), SFPQ (NB100-61044; Novus) (1:2,500), eIF2␣ (sc-11386; Santa Cruz) (1:1,000), p-eIF2␣ S51 (3398; Cell Signaling) (1:1,000), G3BP1 (A302-033A; Bethyl) (1:2,500), AIF (sc-9416; Santa Cruz) (1:1,000), p-PKR T446 (E120; Abcam) (1:1,000), anti-JUNV NP (NA05-AG12; BEI Resources) (1:200), anti-LCMV NP (2165; obtained from M. J. Buchmeier) (1:10,000), and IAV NP (ab20343; Abcam) (1:1,000) antibodies. Unbound primary antibody was washed from blots by 3 consecutive washes in Western wash solution (PBS with 0.5% Nonidet P-40 IGEPAL CA-630). Blots were incubated with diluted secondary antibody for 2 h at room temperature. The secondary antibodies used were as follows: goat anti-mouse (HϩL) (71045-3; Novagen) (1:10,000), goat anti-mouse (light chain only) (AP200P; Millipore) (1:10,000), goat anti-rabbit (HϩL) (111-035-045; Jackson) (1:10,000), mouse anti-rabbit (light chain only) (211-032-171) (1:10,000), and rabbit anti-goat peroxidase (401515; Calbiochem) (1:10,000). Finally, blots were washed 3 more times with Western wash solution before being developed with chemiluminescence substrate (either Pierce ECL Western blotting substrate or SuperSignal West Pico or Femto chemiluminescence substrate [Thermo Scientific]). Alternatively, blots were probed with fluorescently labeled secondary antibodies, namely, IRDye 800CW-labeled goat anti-rabbit IgG (HϩL) (926-32211; Li-Cor) (1:20,000), IRDye 800CW-labeled goat anti-mouse IgG (HϩL) (926-32210; Li-Cor) (1:20,000), IRDye 680RDlabeled goat anti-mouse IgG (HϩL) (926-68070; Li-Cor) (1:20,000), and IRDye 680RD-labeled goat anti-rabbit IgG (HϩL) (926-68071; Li-Cor) (1:20,000), and visualized with an Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE).
Plasmids and transfection. To validate the interaction of identified cellular proteins, the arenaviral NPs were subcloned into a modified pCAGGS expression vector as previously described (54, 55) . This vector expresses an NP fusion protein containing 3 C-terminal elements: an HA epitope tag (YPYDVPD YA), the TEV protease cleavage site (ENLYFQG), and a 23-amino-acid BAP (MASSLRQILDSQKMEWRSNAG GS). The BAP sequence can be biotinylated when cells are cotransfected with a plasmid that encodes the bacterial biotin ligase BirA, and the biotinylated NP can be affinity purified as described previously (54, 55) . The NP sequences subcloned into the pCAGGS expression vector were as follows (for each NP, an NCBI gene identifier number and a protein locus number are listed): LASV strain Josiah (NC_004296 and NP_694869), LCMV Armstrong 53b (DQ408671 and ABD73126), and JUNV strain Candid #1 (HQ126699 and AEB32437). Transfection of HEK 293T cells was done using polyethylenimine (PEI) (Polysciences, Inc., Warrington, PA) (5 g of PEI [Thermo Fisher] per 1 g of DNA).
Confocal microscopy. Localization of the viral NP and cellular proteins in JUNV-or LCMV-infected A549 cells was visualized by confocal microscopy. A549 cells were seeded onto no. 1.5 12-mm glass coverslips (Thermo Scientific). The day after seeding, cells were infected or not (mock) with JUNV at an MOI of 0.1 or with LCMV at an MOI of 0.01. Cells were fixed 48 or 72 h after infection with 4% paraformaldehyde (PFA; Electron Microscopy Sciences) in 1ϫ PBS. Cells were permeabilized in PBS with 0.1% Triton X-100 and 1% BSA and then blocked in PBS containing 3% BSA for 30 min at room temperature.
Cells were incubated with a primary antibody diluted in 1% BSA in 1ϫ PBS at room temperature for 1 h. The NA05-AG12 (mouse) antibody to detect JUNV NP was diluted 1:100, the 1.1.3 (mouse) antibody for LCMV NP was diluted 1:500, the anti-PKR antibody (rabbit monoclonal Y117; Abcam) was diluted 1:100, and anti-G3BP1 (A302-033A; Bethyl) was diluted 1:100. Coverslips were washed 4 times in 1ϫ PBS at room temperature. Coverslips were incubated with secondary antibody diluted in 1% BSA in 1ϫ PBS for 30 min at room temperature. Secondary antibodies were Alexa Fluor 488-conjugated goat anti-mouse IgG (HϩL) (A-11029; Thermo Scientific) (1:800) and Alexa Fluor 647-conjugated goat anti-rabbit IgG (HϩL) (A-21245; Thermo Scientific) (1:800). Coverslips were washed 3 times in PBS, stained with 4=,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), washed a final time in PBS, and mounted onto glass slides by use of ProLong Gold antifade reagent (Thermo Fisher). Confocal microscopy was performed with a Zeiss LSM 510 laser scanning confocal microscope. Images were acquired with a 63ϫ objective lens with a numerical aperture of 1.4. Images were acquired at 1.0 Airy unit for the Alexa Fluor 647 dye. Pinhole diameters for the DAPI and Alexa Fluor 488 channels were set accordingly.
Puromycylation of nascent polypeptides. To label newly synthesized peptides in infected cells growing on glass coverslips, cells were incubated for 5 min at 37°C in puromycylation medium (DMEM-F12, 10% FBS, 1% penicillin-streptomycin supplemented with 91 M puromycin [Sigma-Aldrich] and 208 M emetine [Sigma-Aldrich]) as previously described (21) . As a negative control, some cells were pretreated with complete medium containing 500 M sodium arsenite (Sigma-Aldrich) for 15 min at 37°C before labeling with puromycylation medium. Following the labeling reaction, cells were briefly washed with cold Dulbecco's PBS (DPBS; with calcium and magnesium) (Thermo Fisher). Cells were washed with cold permeabilization buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 25 mM KCl, 0.015% digitonin [Sigma-Aldrich]) to remove free puromycin before being fixed in 3% PFA in 1ϫ PBS for 15 min at room temperature. Cells were prepared for confocal microscopy as described above. LCMV NP was labeled with the 1.1.3 antibody (at 6.8 g/ml), and JUNV NP was labeled with the NA05 antibody (at 10 g/ml), with both antibodies directly conjugated to Alexa Fluor 488 (Thermo Fisher). Puromycin was detected with the monoclonal antibody 12D10 (at 1 g/ml) directly conjugated to Alexa Fluor 647 (Sigma-Aldrich). Puromycin levels in individual cells were quantitated by use of a customized image analysis pipeline in CellProfiler (Broad Institute) (56) .
Poly(I·C) transfections. For a single well in a six-well plate, 0 g, 0.5 g, or 5 g of poly(I·C) (Sigma-Aldrich) was added to 125 l Opti-MEM medium (Thermo Fisher) and mixed well. Three microliters of Lipofectamine 2000 (Thermo Fisher) was added to a tube containing 125 l Opti-MEM and mixed gently. The solution containing poly(I·C) was added to the solution containing Lipofectamine 2000, mixed gently, and incubated at room temperature for 10 min. The medium was aspirated from the wells and replaced with 2 ml of fresh warm complete A549 medium. The poly(I·C)-Lipofectamine transfection mix was added dropwise to the wells. The transfected cells were incubated at 37°C for 6 h, at which time cells were lysed and analyzed by Western blotting. siRNA transfection. siRNAs were reverse transfected into A549 cells in a 12-well plate format as follows. To 100 l of Opti-MEM, 2 l of Lipofectamine RNAi Max (Thermo Fisher) was added and mixed gently. To another 100 l of Opti-MEM, 12 pmol of siRNA was added and mixed. The siRNA-containing solution was added to the Lipofectamine-containing solution and allowed to incubate at room temperature for 5 min. Two hundred microliters of this mixture was added to an empty well of a 12-well plate.
Next, 40,000 A549 cells in 1 ml of complete A549 medium were added to the Opti-MEM/siRNA-containing well and incubated at 37°C. At 2 days posttransfection, the medium was replaced with fresh prewarmed complete A549 medium. siRNA-transfected A549 cells were infected at 72 h post-siRNA transfection. The following Silencer Select siRNAs were used for knockdown experiments: Silencer Select negative control 1 siRNA siSCR (Thermo Fisher), siPKR-1 (s11185; Thermo Fisher) ( Fig. 10 and 11) , and siPKR-2 (s229501; Thermo Fisher) ( Fig. 11) .
Statistics. Statistical analyses were performed in GraphPad software. Two-way analysis of variance (ANOVA) with post hoc Tukey's multiple-comparison test was used for Fig. 8 . One-way ANOVA with Dunnett's multiple-comparison test was used for Fig. 7 , 9C, 9D, and 11. One-way ANOVA with Tukey's multiple-comparison test was used for Fig. 9E . Unpaired two-tailed Student's t test was used for Fig. 10 .
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